THE ever-increasing dependence on groundwater to meet the water supply demand of the growing population, rising need for higher food production and industrial revolution has led to the depletion of groundwater resources and consequently the decline in water table. Over-exploitation of groundwater is a problem in several parts of the globe. In India, it is a serious issue and it has become difficult to sustain the boom in groundwater use 1, 2 . Other factors like erratic variation in annual rainfall, rapid urbanization and ill-maintained surface water bodies, have attributed to the drastic decrease in groundwater recharge. Changing climate and its subsequent impact on rainfall has also resulted in the reduction of groundwater recharge 3 . Extreme rainfall events are on the increase leading to increased runoff 4 . To overcome the depletion of groundwater resources, several measures have been taken in various parts of the world. Groundwater recharge has been improved by implementing managed aquifer recharge (MAR) structures such as check dams, percolation ponds, rooftop rainwater harvesting, injection wells, etc. Construction of such MAR structures helps to increase the recharge by harvesting the rain water and reducing the runoff 5 . The potential for increasing recharge by the implementation and planning of such rainwater harvesting structures has to continue and grow in India [6] [7] [8] . As per the 2013 master plan by the Central Groundwater Board (CGWB) 9 the estimated cost to artificially recharge an area of 941,541 km 2 in India was INR 791,780 million. Thus, many MAR structures are being constructed in India to overcome groundwater depletion. But maintenance of these structures and performance evaluation over time are seldom carried out. This hampers their efficiency especially after high intensity rains. This is because after heavy and short duration rainfall, large amount of water quickly gets accumulated in recharge structures, which leads to entrapment of air in the unsaturated zone beneath the wetting front that reduces the recharge.
Infiltration although an important component of flow processes in the unsaturated zone is complicated due to the presence of multiple phases of water, air and geological medium. The flow processes in this zone are extremely sensitive to variations in the proportion of fluid phases 10 . Spatial distribution of pore spaces in the unsaturated zone is crucial to fluid dynamics and these pores are the conduits providing path for infiltration 11 . When infiltration takes place, it displaces the air forward and this air moves ahead of the wetting front [12] [13] [14] [15] [16] . Entrapped air reduces the hydraulic conductivity and confined continuous air mass ahead of the wetting front, which resists the flow beneath the recharge structures 17, 18 . In the present study, experiments are conducted to develop methods to address this problem by facilitating the removal of entrapped air for increasing the efficiency of recharge. Such experiments had been carried out earlier by removing the entrapped air at the base 19, 20 or at the sides of the columns 21, 22 . Though Horton 23 conducted experiments by providing ventilating pipes at the top of the column for removal of entrapped air, they have not studied the effect of diameter and the increase in number of pipes. Earlier studies have focused on a single event approach [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Hence, the present study aims at assessing the feasibility of improving groundwater recharge by providing ventilation in the unsaturated zone by facilitating the removal of entrapped air and studying the impact of multiple ventilators and quantifing the effects on groundwater recharge.
An experimental setup consisting of a large square column made of acrylic material was used. The column dimensions were 40 cm × 40 cm × 60 cm ( Figure 1 ). The column was closed at the bottom and open at the top. A tap was fixed close to the column base to facilitate draining of water. Fine gravel of size ranging from 2 to 4 mm was used to fill up to 4 cm from the bottom of the column. River sand was sieved using ro-tap test sieve shaker in which numbers 60 and 35 mesh size sieves were used in order to get 0.25 to 0.5 mm sand. This sand was used to fill the column to a height of 40 cm from the base. Sand of nearly uniform grain size was used to overcome problems related to fingering effect since the aim of this study is to understand the efficacy of soil ventilation. Top of the sand column was maintained flat by using a wood finish trowel. Water was initially added to wet the column and also to saturate the column beneath the outlet pipe. A thin plastic wire mesh was kept above the column to maintain a reasonably flat surface of the sand, and water was instantaneously added (in less than 3 sec) at the top and decline in water level was immediately measured. The water used to conduct the experiment had 700 mg/l total dissolved solids. A 55 cm long tube of 2 cm diameter was inserted up to the gravel bed with the bottom open. It functioned as piezometer for measuring the depth of the water table. The rise in water level in the piezometer tube was measured using a floating scale kept in the piezometer. The fall in water level was manually measured with a ruler fixed in the sand column. Time was measured using a stopwatch with an accuracy of 0.01 sec. First, an experiment was carried out to assess the infiltration rate without providing vents. Subsequently, in this column several experiments were carried out by ventilating the unsaturated part with pipes of 8, 12, 16 and 22 mm diameters. The number of ventilating pipes used was also varied from one to five. As a whole, 21 infiltration tests were carried out, one without providing any ventilation and 20 tests with ventilation. Every time, the experiment was continued till the saturated zone reached a level of 1 cm below the bottom of the vent. After every experiment, water was drained by opening the outlet pipe. It took about a day to drain the water before the next experiment could be conducted. Experiments were carried out by ponding the water to a height of 10 cm from the top of the sand column and the rate of decline in surface water level was noted down. From the time taken for the decline in water level, the cumulative infiltration rate was calculated. All experiments were conducted under room temperature. As all the experiments were conducted using the same quality of water, we assume that the viscosity and dissolved ions in the water may not have a major impact on the results. Further, all experiments were conducted during day time in February and March 2018 and hence the effect of temperature and viscosity would not have affected the experimental results.
Results of all the experiments conducted are shown as plots of time versus decline in water level with respect to the diameter of vents in Figure 2 . Similar plots with respect to the number of vents are shown in Figure 3 . In all these figures, decline in water level with time when vents are not provided is also shown. It is evident that the time taken for the decline in water level is always less compared to the experiment carried out without vents. Figure  2 a shows the relationship between water level decline and time for 8 mm diameter vent. When only one vent was used for a surface water decline of 36 mm, it took 49.93 sec. When the number of vents was increased, the time taken for the corresponding decline in surface water level reduced. Similarly, Figure 2 b-d show the plots for 12, 16 and 22 mm diameter vents respectively. As the diameter of vents increased the time taken for the decline in water level reduced. Similarly, the time taken for surface water decline reduced with increase in the number of vents (Figure 3) . However, there are some minor variations in the rate of decline as seen in the plots where the curves are not at an equal distance from each other. These may be due to some minor issues in the experimental procedure.
For a 36 mm decline in surface water level, without vents in the column, it took 59.93 sec. The infiltration rate of water for different experiments was calculated. The experiment conducted without vents was 1.20 mm/s for a surface water decline of 36 mm and for other experiments with vents, based on the time taken for 36 mm, the decline in surface water level is given in Table 1 . The infiltration rate increases with increase in number of vents. Similarly, the infiltration rate increases with the increase in the diameter of vents. Thus, the rate of infiltration was maximum for the experiment using 5 vents of 22 mm diameter.
The time taken for a rise in water level of the saturated zone by 20 cm without ventilation was 59.93 sec. The time taken for a similar rise for all experiments and the percentage increase in time with respect to the experiment without a vent are given in Table 2 .
From the table, it is clear that the percentage of increase with each experiment is progressive and there is a significant increase in infiltration with the increase in number and diameter of vents. For example, for 1 vent of 8 mm diameter, the increase in infiltration rate was 16.69% compared to the experiment without ventilation. The percentage of increase was about 54.63% for 5 vents of the same diameter. For 5 vents of 22 mm diameter, there was an increase of 70.97% compared to without ventilation.
In order to understand the benefits of vents, the time taken for the rise in saturated water level by 2.5, 5, 7.5, 10, 12.5 and 15 cm of all the experiments was compared and is shown in Figure 4 . The benefits of vents can be seen by the decrease in time taken for a rise in water level in the saturated column. Thus the experiments were carried out to confirm the advantages of providing simple pipes up to certain depth in the unsaturated zone. The depth to which the vents can be inserted needs to be less than the minimum expected thickness of the unsaturated zone. Greater the number and diameter of vents, higher will be the rate of recharge.
The experiment was carried out to study the effects of soil ventilation in improving the infiltration rate. The experimental results show a positive correlation with the number and size of vents used. For each individual set of experiment, with an increase in number and diameter of vents, there was a significant increase in infiltration rate. The corresponding rise in water level also showed an increasing trend with increase in number and diameter of vents. Hence, the study proves that the increase in number and diameter of vents improved the rate of groundwater recharge. Thus, the provision of simple pipes of any diameter inserted within the unsaturated zone beneath the recharge structures such as check dams, percolation ponds, surface spreading will lead to rapid increase in the infiltration rate. Such measures will be highly beneficial in improving the groundwater storage by harvesting a large amount of rainfall which otherwise would have gone as runoff during the extreme rainfall events.
